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We propose a hybrid quantum system where the strong coupling regime can be achieved between a
Rydberg atomic ensemble and propagating surface phonon polaritons on a piezoelectric superlattice.
By exploiting the large electric dipole moment and long lifetime of Rydberg atoms as well as tightly
confined surface phonon polariton modes, it is possible to achieve a coupling constant far exceeding
the relevant decay rates. The frequency of the surface mode can be selected so it is resonant with a
Rydberg transition by engineering the piezoelectric superlattice. We describe a way to observe the
Rabi splitting associated with the strong coupling regime under realistic experimental conditions.
The system can be viewed as a new type of optomechanical system.
PACS numbers: 42.50.Nn, 42.50.Pq, 71.36.+c, 32.80.Ee
Atom-surface interactions continue to attract atten-
tion because they are an essential factor in many ar-
eas of physics [1–3]. For example, recent work with sur-
face phonon polaritons (SPhPs) has focused on realizing
quantum photonic devices using atom-surface coupling
[4, 5]. Moreover, a great deal of effort has been invested
in controlling the interaction between atoms and modi-
fied surfaces, including photonic crystals [6, 7], nanofibers
[8], as well as microspheres [9].
Much of the work on atom-surface interaction has in-
vestigated the weak coupling regime, where the lifetime
and energy of an atom can be modified by a surface [10–
13]. The strong coupling regime, where coherent inter-
action dominates, is more interesting because it is usu-
ally a prerequisite for quantum hybrid systems which
rely on coherent control of the coupling [14–19]. How-
ever, strong atom-surface coupling is difficult to achieve
due to small coupling constants and the large number of
modes near the surface with which an atom can interact.
Most proposals, so far, require placing atoms within a
reduced wavelength of a surface (λ/2pi), which is techni-
cally challenging at optical wavelengths. Vacuum Rabi
splitting and strong coupling have been observed for sur-
face plasmon polaritons (SPPs) and artificial atoms, such
as J-aggregates, dye molecules, and quantum dots, owing
to high oscillator strength, large local field enhancement,
and fixed wavevector with a directional pumping field
[20–24]. Strong coupling between atoms and SPhPs has
not been observed or even proposed, to our knowledge.
SPhPs are hybrid modes consisting of electromagnetic
fields and crystal vibrations, typically bound to a dielec-
tric surface. The volume of the electromagnetic field
can be significantly reduced near the SPhP resonance
leading to a large field enhancement. Although they at-
tract less attention than SPPs, great progress has been
made developing artificial materials that support SPhPs.
For instance, low-loss materials have been fabricated for
infrared SPhPs [25–27]. Microwave SPhPs can be con-
structed with engineered frequencies and bandwidths by
introducing suitable superlattices [28–30].
We propose a quantum hybrid system where strong
coupling can be achieved between a Rydberg atomic en-
semble and a SPhP mode on a piezoelectric superlattice
(PSL) [29]. A PSL is a metamaterial with periodically
modulated piezoelectric coefficient [28, 31]. The reso-
nant frequencies of the SPhPs, which are usually in the
microwave range, can be modified by changing the pe-
riod of the PSL. Compared to SPhPs on natural mate-
rials, SPhPs on PSLs provide a more feasible platform
to couple atoms to surface excitations in the near field
regime. The atom-surface distances can be mm instead
of ∼ 100 nm. PSLs can be engineered, so the SPhPs are
resonant with a Rydberg atom transition, which is usu-
ally impossible to do using a natural crystal.
Rydberg atoms are highly excited atoms with huge
dipole moments, µ, for mm-microwave transitions. µ can
be more than three orders of magnitude larger than al-
kali valence transitions. The large µ can partially com-
pensate the reduction of the coupling constant due to
the smaller transition frequency when compared to opti-
cal frequencies. The linewidth of the Rydberg transition
can be narrow, ∼kHz, which results in extremely small
atomic decay. The union of small atomic decay, large
µ and tightly confined electromagnetical fields suggests
strong coupling can be achieved with Rydberg atoms and
SPhPs.
Consider a sample of Rydberg atoms trapped above a
semi-infinite periodically poled lithium niobate (PPLN)
surface, Fig. 1. PPLN is a PSL, and has been extensively
used in nonlinear optics. Due to the anisotropy of PPLN,
SPhPs on PPLN are more complex than SPPs. In a
recent study, we demonstrated that the dielectric tensor
of PPLN can be diagonalized and real SPhPs exist for
the crystal orientation shown in Fig. 1 [30]. The SPhPs
propagate along the y direction with surface normal x,
where x, y, and z are the principal axes of lithium niobate.
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2FIG. 1. (a) Schematic picture of Rydberg atoms coupled to a
SPhP propagating on a PPLN crystal. The laser beams par-
allel to the surface excite the atoms into Rydberg states. (b)
The rubidium atomic energy level scheme used in this work.
The SPhPs are resonant with the Rydberg state transition.
The electric field of the SPhP can be tightly confined at
the interface between the vacuum and PPLN, and decays
exponentially with distance from the surface, Fig. 1.
The SPhPs can be approximated as p-polarized plane
waves, i.e., the electric field lies in the x-y plane [30].
Thus, the vector potential of the SPhP with mode ~k can
be expressed as [32, 33]
~A~k =
√
h¯
2ε0ωSL
(uy− ky
kx
ux)a~ke
ikyy−iωteikxx+H.c., (1)
where a~k is the SPhP destruction operator for mode
~k,
S is the surface area, and L is the normalized length of
the SPhP mode. ux and uy are unit vectors in the x
and y directions, respectively. The normalized length L
depends on the dielectric responses in both the propaga-
tion direction, εy(ω), and surface normal direction, εx(ω)
(for details see the Supplemental Material). The effective
mode volume of the SPhP field is V = S × L.
The atoms are resonantly dipole coupled to the surface
electric field, Fig. 1. The coupling constant of a single
atom and a SPhP mode ~k is
g~k =
√
ω
2h¯ε0V
eikxx~µ · (uy − ky
kx
ux). (2)
The effective Hamiltonian for N atoms interacting with
a quantized surface mode ~k can be written in the Tavis-
Cummings form [34],
H = ωaΣ
†Σ + ωa†~ka~k +G~k(a~kΣ
† + a†~kΣ). (3)
Here, ωa is the atomic transition frequency, and Σ(Σ
†)
describes the collective atomic destruction (creation) op-
erator. The collective coupling constant for an atomic
ensemble consisting of N atoms is approximately
G~k ≈
√
Ng~k. (4)
The approximation is valid when the size of the atomic
sample is much smaller than the SPhP decay length along
the x-direction, i.e. all atoms experience the same electric
field. Eq. 3 describes the collective coupling between an
atomic ensemble and a single SPhP mode.
For dipoles oriented perpendicular or parallel to the
surface, as well as an isotropic average over these two
orientations, factors of 1/2, |εy(1− εx)/(1− εy)|, and
(1 + |εy(1− εx)/(1− εy)|)/3 have to be included to cal-
culate the normalized length, L. εi, i = x, y, z, depends
on ω but we have suppressed the dependence to make the
formulas clear. The associated g-factors are
g|| = µ
√
ω
4h¯ε0V
eikxx, (5)
g⊥ = µ
√
ω
2h¯ε0V
∣∣∣∣εy(1− εx)(1− εy)
∣∣∣∣eikxx, (6)
and
giso = µ
√
ω
6h¯ε0V
(
1 +
∣∣∣∣εy(1− εx)(1− εy)
∣∣∣∣)eikxx. (7)
The orientations of the Rydberg atoms can be controlled
by external fields, e.g. electric fields.
If we choose the period of the PPLN superlattice to
be ∼ 1 µm, then there is a bandgap between 4.9 and 5.3
GHz, which is the frequency range for a real SPhP with
resonance frequency near 5.3 GHz [30]. PPLN superlat-
tices with such small periods are possible to construct
with modern fabrication technologies, e.g., the direct-
write e-beam method [35]. The frequency of the SPhP
matches the 87S1/2 to 87P1/2 Rydberg transition of ru-
bidium with µ ∼ 8000ea0. The G for each orientation
is plotted in Fig. 2(a-c) at different distances away from
the surface. As shown in Fig. 2(a), the coupling con-
stant can be larger than 50 MHz for a Rydberg atomic
ensemble trapped 1 mm away from the surface in a vol-
ume of 2 × 2 × 1 mm3 with a Rydberg atom density
n = 1 × 109 cm−3. The PPLN surface is 1 mm wide
and 5 cm long for this calculation. In order to reach the
strong coupling regime, a dilute atomic ensemble with
an average distance between atoms larger than 10 µm is
considered, so that the Rydberg atom interactions [36]
and Rydberg atom molecules [37–41] can be ignored at
the level of the present calculation. Rydberg blockade
[42, 43] does not destroy the effect, but will limit the
number of Rydberg excitations present in the sample.
Future investigations will use the blockade effect to en-
able single collective atomic excitations to interact with
SPhPs, but these considerations are beyond the scope of
the current paper. G can be increased by fabricating the
metamaterial surface as a waveguide or resonator [44].
To achieve strong coupling, G must be larger than the
dissipation present in the system [20, 34], which is mainly
from the atomic, radiative decay, γa, and the decay of the
SPhP mode propagating on the surface due to the loss
3FIG. 2. Coupling constants for parallel (‖), perpendicular
(⊥), and isotropic (iso) orientations of Rydberg atoms at dif-
ferent distances (a) 1 mm, (b) 30 mm, and (c) 100 mm, from
the PSL surface, respectively. (d) shows the dispersion curve
for the SPhP with parameters as described in the text. ky is
the propagation constant along the y-direction of the crystal,
shown in Fig. 1.
into the crystal bulk polariton modes, γspp. The Rydberg
atoms have a lifetime of ∼ 1 ms, corresponding to a decay
γa ∼ 1 kHz. The decay of the SPhP mode is frequency
dependent. The SPhP decay has a maximum value when
the frequency is at the SPhP resonance. At this point,
the SPhP decay is equal to the damping constant of the
crystal, Γ, and decreases as the frequency is detuned to
the red side of the resonance [45]. The change in the
decay constant is typically less than 1 order of magni-
tude. The resonant damping constant is Γ ∼ 0.001ω0
for lithium niobate, where ω0 is the SPhP resonance fre-
quency [46]. Using this estimate, the decay of the SPhP
is γspp ∼ 5 MHz at its peak. Hence, the strong coupling
condition is satisfied as G>> γa, γspp, and the Rabi split-
ting at resonance is
√
G2 − (γa − γspp)2/4 ≈ G.
The SPhPs have a broad bandwidth compared to
atomic decay. As shown in Fig. 2(a-c), G is relatively
uniform over ∼ 400 MHz. Consequently, the SPhP can
be resonant with the Rydberg transition, as typical cav-
ity quantum electrodynamics systems require, over a rel-
atively large energy range. The broad nature of the reso-
nance is in sharp contrast with the narrow bandwidth of
Rydberg atom coupling to on chip, microwave resonators.
The large, uniform coupling bandwidth is advantageous
for making the PSL because more error can be tolerated
in the period of the superlattice. Having a relatively
narrow atomic transition to couple to the SPhP also has
advantages. Fig. 2(d) shows the dispersion curve for the
SPhP described in this paper. There are many modes
with different propagation constants shown in Fig. 2(d),
but energy conservation associated with the narrow Ry-
dberg transition picks out a small range of ky, except at
resonance, and the collective atom-SPhP coupling can be
effectively described by the Hamiltonian in Eq. 3.
It is possible to drive a particular SPhP mode with
a microwave field. In this case, the SPhPs that are ex-
cited can produce a continuous wave electric field near
the surface that can interact with the atoms. A SPhP
mode with fixed wavevector can be excited, for example,
by applying the edge-coupling method [47]. When the
frequency of the pumping field is tuned near the atomic
resonance frequency, one can observe phenomenon simi-
lar to those occurring when the cavity frequency is tuned
in coupled atom-cavity systems [21].
FIG. 3. Absorption spectrum for the atoms at different dis-
tances away from the surface. The probe and coupling laser
Rabi frequencies are 1 MHz and 10 MHz, respectively. The
PSL and SPhP are the same as for the other calculations.
One approach to observe the Rabi splitting resulting
from the strong coupling between Rydberg atoms and
SPhPs, inspired by the demonstrations of strong cou-
pling in SPP systems [21], is to use the SPhPs driven by
a microwave field, as described in the prior paragraph.
Similar to experiments for measuring microwave power
with Rydberg atoms [48, 49], Fig. 1, electromagnetically
induced transparency (EIT) [50, 51] can be used to mea-
sure the strong coupling between the atoms and the SPhP
4mode. By replacing the microwave field with the collec-
tive coupling between the atoms and the SPhP mode,
the collective atom-SPhP coupling constant can be mea-
sured. A similar idea has been predicted [52, 53] and
observed [54] in a lambda-type EIT cavity system.
To observe the collective Rydberg atom-SPhP cou-
pling, rubidium atoms in a magneto-optical trap (MOT)
can be placed a few millimeters away from a PPLN sur-
face. A probe laser drives the 5S1/2 to 5P3/2 transition
and a coupling laser drives the 5P3/2 to 87S1/2 transition.
The probe and coupling laser beams overlap the MOT.
A similar experimental setup has been used to detect the
electric field near the surface of single crystal quartz at
atom surface separations < 50µm [55]. The transmission
spectrum of the probe laser then depends on the separa-
tion between the atoms and the surface which can realis-
tically be varied on 10µm scales. Fig. 3 shows the probe
laser absorption spectra for atoms at various distances
away from the PSL surface. The transparency window,
between the two absorption peaks, splits into two when
the atoms are moved close to the surface. The Rabi fre-
quency of the probe (coupling) laser used in Fig. 3 is
chosen to be 1 MHz (10 MHz), and G for the neighbor-
ing Rydberg transition varies from ∼ 1 − 40 MHz when
the atoms are moved from 150 mm to 1 mm away from
the surface. The motion of the atoms is neglected since
the temperature of the atoms is ∼ 100µK and the decay
length of the SPhP is large compared to the size of the
atomic sample.
It is also possible to detect the atom-SPhP coupling by
observing the collective decay of the atomic sample as in-
fluenced by the presence of the SPhP modes [7, 56], i.e.
the enhanced atomic decay will spectrally broaden the
EIT lineshape. By analyzing the Purcell factor, which is
defined by the ratio of the atomic decay into the SPhP
modes to decay into other modes, we find the enhance-
ment of the atomic decay can be much larger than 1
when the frequency is close to, but not at, the SPhP res-
onance. G >> γa, γspp and the SPhP is unbound in the
y-direction since it can propagate away from the atoms.
The SPhP frequencies can be modified by engineering
the period of the PSL. Fig. 4 shows G as a function of the
SPhP frequency. In Fig. 4, the atoms are assumed to be
in the near field of the surface, i.e. the exponential term
in Eq. 2 is ignored. Each data point in Fig. 4 corresponds
to a PSL with a different period and a Rydberg atom
transition at a different principal quantum number, n. In
Fig. 4, the coupling constant increases as the frequency
increases. The increase can be attributed to G increasing
as ω and L decreasing as ω. In order to be resonant with
higher frequency SPhPs, a lower principle number n of
the Rydberg atom is used. µ is proportional to n2 so as
ω increases µ decreases as n2.
Most previous studies of atom-surface interaction use
low-lying energy levels, with optical or infrared transi-
tions [57, 58] making it necessary to position the atoms
FIG. 4. G as a function of SPhP frequency. The inset shows
G as a function of the distance away from the surface at a
SPhP frequency around 5 GHz. The red line is a guide line.
within 100 nm of a surface. Microwave strip lines and
Rydberg atoms require ∼ 50µm atom-surface separa-
tions. SPhPs on PSLs can potentially operate from GHz-
THz and have near field coupling ranges of cm-µm. The
electric field gradients for SPhPs are not as large as for
superconducting, on chip cavities. SPhPs also do not
couple to free space radiation modes, since those modes
cannot simultaneously meet both energy and momentum
conservation. Unlike most natural materials, PSL’s can
also support longitudinal SPhPs [59]. Structures that
can couple surface modes to bulk propagating modes can
be designed [60]. The fact that the atoms can be placed
relatively far from the surface can enable one to inter-
face them with superconducting qubits without having
the light destroy the superconductivity. These properties
can be important for frequency conversion at the single
quantum level, interfaces to quantum based devices, and
optomechanical transduction. Coherent control of atom-
SPhP coupling can be an important part of the quantum
engineering toolbox.
In conclusion, we have suggested a collective atom-
surface quantum hybrid system involving a Rydberg
atomic ensemble coupled to a propagating SPhP mode
on a PSL. We demonstrated that strong coupling can be
achieved by properly engineering a PSL. The system pro-
vides an interface that can allow the transport of quan-
tum information between a high and a low temperature
environment and can serve as an atomic interface to po-
laritronic and microwave devices, including those oper-
ating at the quantum level. The system also presents
the possibility to study the optomechanics of the atom-
surface system, i.e. the atoms interact with the crystal vi-
brations through the electro-magnetic field. Finally, the
proposed system is more experimentally forgiving than
atom-SPP ones and can be used for proof of principle
experiments for atom-SPP applications.
5ACKNOWLEDGMENTS
This work was supported by the AFOSR (FA9550-12-
1-0282) and NSF (PHY-1104424).
[1] J. E. Lennard-Jones, Trans. Farad. Soc. 28, 333 (1932).
[2] J. M. Wylie and J. E. Sipe, Phys. Rev. A 30, 1185 (1984).
[3] D. Dalvit, P. Milonni, D. Roberts, and F. da Rosa,
Casimir Physics (Springer, 2011).
[4] J. P. Shaffer, Nature Photonics 5, 451 (2011).
[5] H. Ku¨bler, D. Booth, J. Sedlacek, P. Zabawa, and J. P.
Shaffer, Phys. Rev. A 88, 043810 (2013).
[6] T. G. Tiecke, J. D. Thompson, N. P. de Leon, L. R. Liu,
V. Vuletic´, and M. D. Lukin, Nature 508, 241 (2014).
[7] A. Goban, C.-L. Hung, J. D. Hood, S.-P. Yu, J. A. Muniz,
O. Painter, and H. J. Kimble, Phys. Rev. Lett. 115,
063601 (2015).
[8] E. Vetsch, D. Reitz, G. Sague´, R. Schmidt, S. T.
Dawkins, and A. Rauschenbeutel, Phys. Rev. Lett. 104,
203603 (2010).
[9] I. Shomroni, S. Rosenblum, Y. Lovsky, O. Bechler,
G. Guendelman, and B. Dayan, Science 345, 903 (2014).
[10] G. Barton, Proc. R. Soc. London, Ser. A 453, 2461
(1997).
[11] D. Bloch and M. Ducloy, Adv. At., Mol., Opt. Phys. 50,
91 (2005).
[12] R. R. Chance, A. Prock, and R. Silbey, Adv. Chem.
Phys 37, 1 (1978).
[13] H. Ku¨bler, J. P. Shaffer, T. Baluktsian, R. Lo¨w, and
T. Pfau, Nature Photonics 4, 112 (2010).
[14] R. J. Schoelkopf and S. M. Girvin, Nature 451, 664
(2008).
[15] M. Wallquist, K. Hammerer, P. Rabl, M. Lukin, and
P. Zoller, Phys. Scr. T137, 014001 (2009).
[16] G. Kurizki, P. Bertet, Y. Kubo, K. Mølmer, D. Pet-
rosyan, P. Rabl, and J. Schmiedmayer, Proc. Natl. Acad.
Sci. 112, 3866 (2015).
[17] J. D. Pritchard, J. A. Isaacs, M. A. Beck, R. McDermott,
and M. Saffman, Phys. Rev. A 89, 010301 (2014).
[18] M. Hafezi, Z. Kim, S. L. Rolston, L. A. Orozco, B. L.
Lev, and J. M. Taylor, Phys. Rev. A 85, 020302 (2012).
[19] J. Verdu´, H. Zoubi, C. Koller, J. Majer, H. Ritsch, and
J. Schmiedmayer, Phys. Rev. Lett. 103, 043603 (2009).
[20] P. To¨rma¨ and W. L. Barnes, Rep. Prog. Phys. 78, 013901
(2015).
[21] J. Bellessa, C. Bonnand, J. C. Plenet, and J. Mugnier,
Phys. Rev. Lett. 93, 036404 (2004).
[22] S. Aberra-Guebrou, C. Symonds, E. Homeyer, J. C.
Plenet, Y. N. Gartstein, V. M. Agranovich, and J. Bel-
lessa, Phys. Rev. Lett. 108, 066401 (2012).
[23] T. K. Hakala, J. J. Toppari, A. Kuzyk, M. Pettersson,
H. Tikkanen, H. Kunttu, and P. To¨rma¨, Phys. Rev. Lett.
103, 053602 (2009).
[24] A. V. Akimov, A. Mukherjee, C. Yu, D. E. Chang, A. S.
Zibrov, P. R. Hemmer, H. Park, and M. D. Lukin, Nature
450, 402 (2007).
[25] J. D. Caldwell, O. J. Glembocki, Y. Francescato,
N. Sharac, V. Giannini, F. J. Bezares, J. P. Long, J. C.
Owrutsky, I. Vurgaftman, J. G. Tischler, et al., Nano
Lett. 13, 3690 (2013).
[26] J. D. Caldwell, A. V. Kretinin, Y. Chen, V. Giannini,
M. M. Fogler, Y. Francescato, C. T. Ellis, J. G. Tischler,
C. R. Woods, A. J. Giles, et al., Nat. Commun. 5, 5221
(2014).
[27] J. D. Caldwell, L. Lindsay, V. Giannini, I. Vurgaftman,
T. L. Reinecke, S. A. Maier, and O. J. Glembocki,
Nanophotonics 4, 44 (2015).
[28] X.-k. Hu, Y. Ming, X.-j. Zhang, Y.-q. Lu, and Y.-y. Zhu,
Appl. Phys. Lett. 101, 151109 (2012).
[29] Y.-q. Lu, Y.-Y. Zhu, Y.-F. Chen, S.-N. Zhu, N.-B. Ming,
and Y.-J. Feng, Science 284, 1822 (1999).
[30] Y. Chao, J. Sheng, J. A. Sedlacek, and J. P. Shaffer,
Phys. Rev. B 93, 045419 (2016).
[31] Y. Y. Zhu, X. J. Zhang, Y. Q. Lu, Y. F. Chen, S. N. Zhu,
and N. B. Ming, Phys. Rev. Lett. 90, 053903 (2003).
[32] A. Archambault, F. Marquier, J.-J. Greffet, and
C. Arnold, Phys. Rev. B 82, 035411 (2010).
[33] M. S. Tame, K. R. McEnery, S¸. O¨zdemir, J. Lee, S. A.
Maier, and M. S. Kim, Nature Physics 9, 329 (2013).
[34] A. Gonza´lez-Tudela, P. A. Huidobro, L. Martin-Moreno,
C. Tejedor, and F. J. Garcia-Vidal, Phys. Rev. Lett.
110, 126801 (2013).
[35] J. Son, Y. Yuen, S. Orlov, L. Galambos, and L. Hes-
selink, Journal of crystal growth 280, 135 (2005).
[36] L. G. Marcassa and J. P. Shaffer, Advances in Atomic,
Molecular, and Optical Physics 63, 47 (2014).
[37] V. Bendkowsky, B. Butscher, J. Nipper, J. P. Shaffer,
R. Lo¨w, and T. Pfau, Nature 458, 1005 (2009).
[38] K. R. Overstreet, A. Schwettmann, J. Tallant, D. Booth,
and J. Shaffer, Nat. Phys. 5, 581 (2009).
[39] A. Schwettmann, K. R. Overstreet, J. Tallant, and J. P.
Shaffer, J. Mod. Opt. 54, 2551 (2007).
[40] C. H. Greene, A. S. Dickinson, and H. R. Sadeghpour,
Phys. Rev. Lett. 85, 2458 (2000).
[41] C. Boisseau, I. Simbotin, and R. Coˆte´, Phys. Rev. Lett.
88, 133004 (2002).
[42] M. Saffman, T. G. Walker, and K. Mølmer, Rev. Mod.
Phys. 82, 2313 (2010).
[43] D. Comparat and P. Pillet, JOSA B 27, A208 (2010).
[44] T. Hummer, F. J. Garcia-Vidal, L. Martin-Moreno, and
D. Zueco, Phys. Rev. B 87, 115419 (2013).
[45] J. Nkoma, R. Loudon, and D. R. Tilley, J. Phys. C 7,
3547 (1974).
[46] R.-C. Yin, C. He, M.-H. Lu, Y.-Q. Lu, and Y.-F. Chen,
J. Appl. Phys. 109, 064110 (2011).
[47] A. J. Huber, B. Deutsch, L. Novotny, and R. Hillen-
brand, Appl. Phys. Lett. 92, 203104 (2008).
[48] J. A. Sedlacek, A. Schwettmann, H. Ku¨bler, R. Lo¨w,
T. Pfau, and J. P. Shaffer, Nature Physics 8, 819 (2012).
[49] H. Fan, S. Kumar, J. Sedlacek, H. Ku¨bler, S. Karimkashi,
and J. P. Shaffer, J. Phys. B 48, 202001 (2015).
[50] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Rev.
Mod. Phys. 77, 633 (2005).
[51] A. K. Mohapatra, T. R. Jackson, and C. S. Adams, Phys.
Rev. Lett. 98, 113003 (2007).
[52] J. E. Field, Phys. Rev. A 47, 5064 (1993).
[53] P. R. Rice and R. J. Brecha, Opt. Commun. 126, 230
(1996).
[54] H. Tanji-Suzuki, W. Chen, R. Landig, J. Simon, and
V. Vuletic´, Science 333, 1266 (2011).
[55] J. A. Sedlacek, E. Kim, S. T. Rittenhouse, P. F. Weck,
H. R. Sadeghpour, and J. P. Shaffer, Phys. Rev. Lett.
116, 133201 (2016).
6[56] D. E. Chang, A. S. Sørensen, P. R. Hemmer, and M. D.
Lukin, Phys. Rev. Lett. 97, 053002 (2006).
[57] C. Stehle, H. Bender, C. Zimmermann, D. Kern,
M. Fleischer, and S. Slama, Nature Photonics 5, 494
(2011).
[58] A. Laliotis, T. P. De Silans, I. Maurin, M. Ducloy, and
D. Bloch, Nat. Commun. 5, 4364 (2014).
[59] X.-j. Zhang, R.-q. Zhu, J. Zhao, Y.-f. Chen, and Y.-y.
Zhu, Phys. Rev. B 69, 085118 (2004).
[60] S. Sun, Q. He, S. Xiao, Q. Xu, X. Li, and L. Zhou, Nat.
Mat. 11, 426 (2012).
